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Abstract The purpose of this study was to determine the
femoral and tibial ﬁxation sites that would result in the
most isometric MCL reconstruction technique. Seven
cadaveric knees were used in this study. A navigation
system was utilized to determine graft isometry continu-
ously from 08 to 908. Five points on the medial side of the
femur and four on the tibia were tested. A graft positioned
in the center of the MCL femoral attachment (FC) and
attached in the center of the superﬁcial MCL attachment on
the tibia led to the best isometry (2.7 ± 1.1 mm). Move-
ment of the origin superiorly only 4 mm (FS) led to graft
excursion of greater than 10 mm (P\0.01). MCL recon-
struction performed with the origin of the MCL within the
femoral footprint and the insertion in tibial footprint of the
superﬁcial MCL results in the least graft excursion when
the knee is cycled between 08 and 908. Although the MCL
often heals without surgical intervention, surgical recon-
struction is occasionally in Grade III MCL and combined
ligamentous injuries to the knee. This study demonstrates
the optimal position of the MCL reconstruction to repro-
duce the kinematics of the native knee.
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Introduction
The medial side of the knee contains static and dynamic
stabilizers that contribute to resisting valgus and rotational
forces. The medial collateral ligament (MCL) is the primary
stabilizer against valgus stress, especially at lower ﬂexion
angles. At 258 of ﬂexion, the MCL provides 78% of the
restraining force against valgus injury [1]. At full extension,
the MCL provides 57% of the restraining force, with the
posterior oblique ligament (POL), ACL, and posteromedial
capsule responsible for the majority of the remaining
restraint. The MCL comprises two distinct structures: the
superﬁcial and deep MCL. The superﬁcial MCL (sMCL)
originates on an average of 3.2 mm proximal and 4.8 mm
posterior to the medial epicondyle [2]. It inserts at two
distinct points on the proximal medial tibia, just anterior to
the posteromedial crest of the tibia. The deep portion of the
MCL originates inferior to the medial epicondyle and
inserts 1 cm below the joint line on the tibia.
Injuries to the medial structures of the knee are very
common, particularly in contact and pivoting sports such as
American football and soccer [3–5]. Despite the frequency
of these injuries, successful treatment can be achieved with
non-operative management in a majority of MCL injuries.
Similar results have been found with both operative and
non-operative management of these injuries [6]. Athletes
with combined ACL–MCL injuries can expect acceptable
stability and a good to excellent functional outcome with
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dislocations with injury to both the medial and lateral side
of the knee may require superﬁcial MCL reconstruction in
up to 85% of patients [9]. There are also a small but sig-
niﬁcant number of patients who continue to have residual
symptoms of pain, instability, or both following an MCL
injury and require surgical reconstruction [10].
There have been numerous techniques described for
superﬁcial MCL reconstruction, many of which do not
attempt to reconstruct the native anatomy of the medial
side of the knee. The original reconstruction technique
described by Bosworth was a non-anatomic reconstruction
using the semi-tendonosus tendon [11]. The maintenance
of graft isometry or constant length during knee range of
motion has been advocated as an important goal in knee
ligament reconstruction [12, 13].
The purpose of this study was to determine the femoral
and tibial ﬁxation sites that would result in the most iso-
metric superﬁcial MCL reconstruction technique. We also
wished to determine at which ﬂexion angles the grafts
should be ﬁxed in order to best restore knee stability. We
hypothesized that an anatomic reconstruction that better
replicated the native knee anatomy would result in the most
isometric reconstruction. We used computer assisted nav-
igation to determine graft length and isometry because it
has previously been found to be a precise biomechanics
tool to measure graft isometry [12, 14].
Methods
Seven fresh-frozen cadaveric knees that had been used in a
previous study were used in the current study. The knees
had an average age of 51.3 years. Five were male knees,
two were female. Knees were excluded from the study if
there was ligamentous laxity, signiﬁcant arthritic changes,
gross malalignment, or evidence of previous surgery. The
tibia and femur were sectioned at the mid-shaft and soft
tissue was removed up to 15 cm from the joint line. The
specimens were mounted and secured using a vice attached
to the proximal femur. The knees were mounted to allow
free range of motion from 08 to 1108 of ﬂexion.
The medial side of the knee was dissected and exposed
to visualize the MCL. The femoral attachment of the
superﬁcial MCL was identiﬁed and carefully dissected free
from its proximal insertion. The attachment of the super-
ﬁcial MCL on the proximal medial tibia was similarly
dissected and marked to identify the proximal and distal
insertions of the sMCL. The deep MCL was then identiﬁed
and its proximal and distal attachments were identiﬁed.
The semitendinosus tendon was then identiﬁed in the pes
anserinus and its insertion was dissected and marked
accordingly. An isometric map was then generated with
multiple points on the medial distal femur and the proximal
tibia (Fig. 1). The distal femoral points corresponded to the
femoral attachment of the MCL (FC), and 4 mm superior
(FS), inferior (FI), anterior (FA), and posterior (FP) to the
origin. There were four points registered on the tibia: one
that corresponded to the anterior proximal (TP) aspect of
the proximal attachment of the sMCL, one for the distal
attachment of the sMCL (TD), one at the midpoint between
the proximal and distal attachment (TM), and one for the
insertion of the semitendonosus (TH).
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Fig. 1 Schematic of each point taken for isometry measurments.
There were ﬁve points taken on the femur, based on the femoral
attachment of the superﬁcial MCL (Center MCL). A separate
measurement point was created 4 mm in each direction (anterior,
posterior, superior, and inferior) from the center of the MCL femoral
attachment. On the tibial side, four points were again identiﬁed. One
point was at the superior tibial attachment of the superﬁcial MCL.
One point was at the distal insertion of the sMCL. One point was at
the midpoint of the sMCL attachment. Finally, one was at the
semitendonosus insertion. ME Medial epicondyle; FS Superior
femoral attachment of the MCL; FC Center of sMCL attachment on
femur; FI Interior femoral attachment; FP Posterior femoral attach-
ment; FA Anterior femoral attachment; TM Midpoint of the attachment
of the sMCL on the tibia; TH Semitendinosus insertion on tibia; TP
Proximal aspect of sMCL attachment on tibia; TA Anterior aspect of
sMCL attachment on tibia; TD Distal aspect of sMCL attachment on
tibia. Figure courtesy of Joseph Smith, ATC
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123The Praxim Surgetics surgical navigation system
(PraximMedivision, Grenoble, France) was used to acquire
isometric data. The Surgetics ACL Logics Universal
Software was used for data acquisition as previously
described [14]. The technology generated a three dimen-
sional image of the articular anatomy by acquiring refer-
ence points directly on the bony surfaces and then forming
a statistical model to ﬁt these points. The reference points
included the center of the femoral notch, the middle of the
transverse meniscal ligament on the anterior tibia, and the
center of the medial and lateral tibial plateaus. This system
has been shown to be precise; within 1 or 1 mm compared
with an industrial robotic sensor [14–16]. Threaded Stein-
mann pins were placed in the proximal femur and distal
tibia to mount the reﬂective markers. Surface landmarks on
the tibial plateau and distal femur were recorded, intraar-
ticular surface geometry was mapped, and the 3-D model
was created. The knee was manually cycled from full
extension to 110 of ﬂexion.
The isometry of each graft reconstruction, deﬁned as the
change in graft length through a given range of motion,
was determined at continuous intervals from 08 to 908 of
knee ﬂexion as recorded by the navigation software. Fiber
lengths were normalized to zero at full extension. The
length change between the ﬁber length at full extension
and the ﬁber length at the respective ﬂexion angle was
computed at 58 increments from 08 to 908. These length
changes were subsequently plotted to demonstrate the
anisometry ‘proﬁle’ of each ﬁxation point from 08 to 908.
The total length change in each ﬁber was also computed, as
was the strain in the ﬁber (DL/L).
Repeated measures ANOVA was used to compare the
anisometry of the grafts at the various ﬂexion angles. Sig-
niﬁcance was deﬁned as a P value less than 0.05. Data are
expressed as the mean ± standard error of the mean (SEM).
Results
The isometric data are summarized in Table 1. Proximally,
placement of the graft at the center of the superﬁcial MCL
attachment on the femur resulted in the best overall graft
isometry. The mean change in length from the center of
the MCL to the proximal (TP) and distal tibial insertions
(TD) of the MCL on the tibia were 2.7 ± 1.2 mm and
2.8 ± 1.1 mm, respectively. There was no signiﬁcant dif-
ference in length change with placement of the graft on the
anterior aspect of the tibial attachment (TA) or at the mid-
point of the attachment (TM). However, the mean change in
length was signiﬁcantly greater with placement of the graft
anteriorly at the site of the semitendonosus insertion (TH)
(4.1±, P\0.05) which would correspond to the placement
of the anterior limb of the modiﬁed Bosworth technique.
Movement of the graft anteriorly 4 mm (FA) from the
origin of the sMCL resulted in a greater mean change of
length with the graft ﬁxed distally at the anterior aspect of
the insertion as well as at the hamstring insertion (Table 1).
Posterior ﬁxation (FP) of the graft led to signiﬁcant
increases in mean length change at all points within the
MCL insertion. Similarly, ﬁxation of the graft at either FS
or FI led to greater anisometry with each point tested on the
tibia. The greatest anisometry was seen from FS to TH
(10.8 ± 3.1 mm, P\0.01 vs. FC to all tibial points).
The strain measurements are reported in Table 2. The
overall mean strain measurements were low, with none
reachinggreaterthan0.11.Thegraftspositionedinthepoints
thatcorrespondedtothemostanatomicreconstruction(FCto
TP and TD) had the lowest strain (e = 0.02 ± 0.005). The
strainwasgreatestintheleastisometricpositions,especially
from the FS to TH (e = 0.12 ± 0.04).
The absolute graft lengths were longest with the knee in
full extension, regardless of the ﬁxation points selected. As
the knee was ﬂexed to 908, the absolute graft lengths
shortened with all ﬁxation conﬁgurations. A majority of the
shortening occurred from 0 to 308, suggesting that the graft
Table 1 Isometry of graft positions
Femoral position
FC (mm) FA (mm) FP (mm) FS (mm) FI (mm)
TP 2.7 ± 1.2 3.1 ± 1.0 7.2 ± 2.7
a 6.5 ± 1.2
a 9.8 ± 2.9
a
TM 3.1 ± 1.7 4.3 ± 1.5 6.0 ± 1.5
a 8.3 ± 2.0
a 8.4 ± 3.1
a
TD 2.8 ± 1.1 3.2 ± 1.5 7.2 ± 1.5
a 6.7 ± 2.1
a 9.7 ± 2.7
a
TH 4.1 ± 2.3
a 6.1 ± 2.2
a 4.6 ± 2.3
a 10.8 ± 3.1
a 5.1 ± 3.0
a P\0.05 compared to proximal insertion and center of MCL (most
isometric position)
Table 2 Strain (e) of each graft
position
a P\0.05 compared to
proximal insertion and center of
MCL (most isometric position)
Femoral position
FC FA FP FS FI
TA 0.02 ± 0.003 0.03 ± 0.003 0.06 ± 0.01 0.06 ± 0.011 0.09 ± 0.017
a
TM 0.03 ± 0.008 0.03 ± 0.004 0.04 ± 0.012 0.06 ± 0.013 0.06 ± 0.009
TD 0.02 ± 0.007 0.03 ± 0.006 0.06 ± 0.012 0.06 ± 0.018 0.08 ± 0.031
a
TH 0.03 ± 0.005 0.05 ± 0.010 0.04 ± 0.007 0.11 ± 0.031
a 0.04 ± 0.01
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123should be tensioned at lower ﬂexion angles to avoid over
constraint of the knee as the knee is ﬂexed. Representative
graft isometry graphs demonstrating the most isometric and
least isometric conﬁgurations are shown in Fig. 2.
Discussion
In this study, we found that the ideal isometric recon-
struction of the superﬁcial MCL was with the graft origi-
nating at the anatomic femoral attachment of the sMCL
and was placed on the proximal and distal attachments of
the sMCL on the tibia. This position also led to the least
strain on the graft.
The optimal isometric position of the MCL reconstruc-
tion on the femur was with the graft placed at the femoral
attachment of the sMCL. Placement of the graft 4 mm in
any direction away from the sMCL origin resulted in sig-
niﬁcant increases in graft length during knee range of
motion, suggesting that precise anatomic placement of the
graft within this region is important in maintaining knee
stability following reconstruction. In this study, great care
was taken to identify the anatomic location of the origin of
the sMCL as it related to the medial epicondyle. Our data
were similar to data reported by LaPrade et al. [2]. We
found that the sMCL attaches to the femur just proximal
and posterior to the medial epicondyle. Although there is
some variability between samples, all sMCL attachments
were within 5 mm proximal and posterior to the medial
epicondyle, suggesting this is a reliable landmark to
reproduce the femoral attachment of the sMCL during
reconstruction.
Distally, the most isometric points of graft ﬁxation were
with the graft ﬁxed in the proximal or distal aspects of the
sMCL insertion on the medial aspect of the tibia. Fixation
of the graft anteriorly in the semitendonosus insertion led
to signiﬁcantly greater changes in graft length. These data
have several important clinical implications. First, many
surgeons prefer to use a modiﬁcation of the Bosworth
technique where the semitendonosus tendon is left intact at
the insertion, attached proximally on the medial side of the
femur, and attached distally in the MCL footprint. This
study suggests that ﬁxation with this technique leads to a
very anisometric reconstruction and may result in clinical
laxity over time. However, the calculated strain with the
graft placed anteriorly in the semitendonosus footprint was
only minimally greater than when placed in the MCL
footprint. A second important clinical ﬁnding was that
there were two optimal isometric points within the inser-
tion of the sMCL. Recent studies in our lab have found that
an anatomic double bundle MCL reconstruction best
restored native knee laxity patterns [17]. Fixation of a
double bundle graft both proximally and distally within the
footprint of the MCL would lead to a reconstruction with
good overall isometry.
A majority of the studies on graft isometry has been
performed on cruciate ligament reconstructions, and only
recently have studies evaluated graft isometry on the pos-
terolateral corner [18]. Graft isometry is important for any
ligament reconstruction in order to effectively stabilize the
joint during the entire range of motion. This study dem-
onstrates that the relative lengths of MCL grafts decrease
with knee ﬂexion, and most of this length decrease occurs
from 458 to 908. If a graft was tensioned with the knee
ﬂexed to 908, it would result in a graft that would be
excessively tightened as the knee was extended to 08. The
excessive tension in the graft could lead to excessive graft
forces which can cause the graft to permanently stretch or
even fail during the early healing period. Conversely, if the
graft was ﬁxed at or close to full extension, the graft would
slacken slightly and not over constrain the knee as it was
ﬂexed toward 908. Thus, any MCL reconstruction should
be tensioned at or close to full extension.
There are several weaknesses to this study. The use of
computer assisted navigation to evaluate isometry has only
recently been utilized, and the technology has not been
validated with independent studies. Previous studies on our
lab have used this technique to accurately determine ACL
isometry that was consistent with earlier published data
[12]. In addition most previous isometric studies have used
single sutures to measure graft length changes, which may
not account for differential isometry within a 7–9 mm
graft. The computer assisted navigation system that we
utilize averages the isometry for a proposed graft, which
may be more precise than using a suture technique to
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123measure graft length change. Studies comparing the two
techniques would be beneﬁcial. A second weakness of this
study is that although it found signiﬁcant differences in
graft isometry, it cannot answer whether these changes
would be clinically relevant, especially in light of the fact
that there were only small changes in the strain seen with
each graft conﬁguration. Clinical studies evaluating the
outcomes with grafts in different conﬁgurations would help
determine if small changes in graft position truly result in
different clinical outcomes.
Conclusion
Our results suggest that sMCL reconstruction performed
with the femoral attachment of the MCL within the femoral
footprint and the tibial attachment within the footprint of
the sMCL will result in the least graft excursion when the
knee is cycled between 08 and 908. Graft ﬁxation should be
performed at or near full extension in order to not over
constrain the knee or overload the MCL reconstruction,
which could lead to early failure of the reconstruction.
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